KAP1 (KRAB-domain associated protein 1) plays a fundamental role in regulating gene expression in mammalian cells by recruiting different transcription factors and altering the chromatin state. In doing so, KAP1 acts both as a platform for macromolecular interactions and as an E3 SUMO ligase. This work sheds light on the overall organization of the full-length protein combining solution scattering diffraction data, integrative modeling and single-molecule experiments. We show that KAP1 is an elongated antiparallel dimer with a native asymmetry at the C-terminal domain. This conformation supports our finding that the RING domain contributes to KAP1 auto-SUMOylation. Importantly, this intrinsic asymmetry has key functional implications for the KAP1 network of interactions, as the heterochromatin protein 1 (HP1) occupies only one of the two putative HP1 binding sites on the KAP1 dimer, resulting in an unexpected stoichiometry, even in the context of chromatin fibers.
Introduction
KAP1 -KRAB (Krüppel-associated box)-domain associated protein 1-also known as TIF1b (Transcription Intermediary Factor 1b) or TRIM28 (Tripartite Motif containing protein 28) is a central regulator that controls the fate of the genetic material by recruiting transcription factors and altering the chromatin environment 1, 2 . KAP1 is thus essential for early development 3 and has been linked to fundamental cellular processes such as differentiation 4, 5 , gene silencing [6] [7] [8] [9] , transcription regulation [10] [11] [12] [13] and DNA damage response 8, [14] [15] [16] [17] [18] [19] . Moreover, its involvement in control of behavioral stress and tumorigenesis makes it an attractive therapeutic target [20] [21] [22] [23] [24] [25] [26] [27] .
KAP1 belongs to the superfamily of the tripartite motif-containing (TRIM) proteins that includes more than 60 members in humans with variable C-terminal domains 28 . The TRIM family is defined by the presence of a highly-conserved Nterminal tripartite motif known as RBCC consisting of a RING (Really Interesting New Gene) finger domain, one or two B-box domains (B 1 and B 2 ) and a long coiled-coil (CC) 28 ( Figure 1a) . The RING domain contains a regular arrangement of cysteine and histidine residues that coordinate two zinc ions tetrahedrally in a unique "crossbrace" fold 29 and acts as a E3 SUMO (Small Ubiquitin MOdifier) and E3 Ubiquitin ligase [30] [31] [32] . The B-box domain shares the RING domain fold and may bind one or two zinc ions 33 . The CC of KAP1 is estimated to be very long (~200 Å) and together with the B 2 is likely used to mediate protein-protein interactions 34 .
KAP1 is a member of the TRIM C-VI subfamily, together with TRIM24 and TRIM33, characterized by the presence of a tandem plant homeodomain (PHD) and bromodomain (Br) typically involved in the recognition of various histones modifications 35, 36 . However, the C-terminal tandem PHD-Br domain of KAP1 shows a unique function acting as an E3 SUMO ligase, promoting both the autoSUMOylation of the protein 37 and the SUMOylation of other substrates 38, 39 . The NMR structure of the KAP1 PHD-Br domain elucidated how the two domains cooperate as one E3 SUMO ligase unit 40 . The auto-SUMOylation of the C-terminal PHD-Br domain is necessary for the binding of KAP1 to the chromatin remodeling enzymes such as the methyltransferase SET domain bifurcated 1 (SETDB1), the nucleosome remodeling and histone deacetylation complex (NuRD), the histone deacetylase (HDAC), the nuclear co-repressor (N-CoR), inducing the deposition of post-translational modifications (PTMs) and consequently the creation of an heterochromatin environment [41] [42] [43] [44] [45] (Figure 1a ). The N-terminal domain and the C-terminal PHD-Br domain are connected by a long loop of ~200 amino acids without any predicted structure, where the heterochromatin protein 1 (HP1) is recruited by KAP1 on a specific binding domain (HP1BD, Figure 1a ) 46, 47 . HP1 is a transcriptional repressor that directly mediates the formation of higher order chromatin structures 48, 49 , characterized by the presence of an N-terminal chromo domain (CD) and a C-terminal chromo shadow domain (CSD), linked by an unstructured hinge region. The CD binds directly the methylated lysine 9
of histone H3, while the CSD forms a symmetrical dimer that mediates interactions with other proteins by recognizing a PXVXL penta-peptide motif (where X is any amino acid) 50 . The interaction with HP1 is crucial for KAP1 to regulate the chromatin state 46 , carry out its gene silencing function 51 and respond to DNA damage 17 .
KAP1 mediates gene silencing of transposable elements by recruiting KRABzinc finger proteins (KRAB-ZFPs), which constitute the largest family of TFs with over 350 members and which are present only in tetrapod vertebrates 52, 53 . Their function is mainly unknown, but some members have been involved in diverse processes such as embryonic development, tissue-specific gene expression, and cancer progression 54 . KRAB-ZFPs recruit KAP1 to specific genetic loci, via the interaction between the RBCC and the KRAB repression module 9, 34, 54 , in turn, KAP1
recruits chromatin remodeling enzymes to tri-methylated lysine 9 of histone H3. This modification, along with the DNA compaction caused by HP1 binding, creates a heterochromatin environment silencing gene expression 7 .
Despite its emerging fundamental importance, KAP1 and its interaction with binding partners are still poorly characterized from a structural standpoint. Crystal structures of the CC with or without additional B-box or C-terminal domains have   been solved for some TRIM family members (TRIM25  55,56 , TRIM5  57,58 , TRIM20   59 and TRIM69 60 ) showing that the RBCC is an elongated domain with an antiparallel homodimer conformation. However, the dimeric nature of the RBCC in the TRIM family members contradicts published findings suggesting that KAP1 is a homotrimer in solution and bound to KRAB domains 34 . Here, we present the overall structural organization of human full-length KAP1 in solution by integrating biochemical characterization, small angle X-ray scattering data, molecular modeling and single-molecule experiments. We demonstrate that KAP1 is an elongated antiparallel dimer with a native asymmetry at the C-terminal domains. Based on this conformation, we observe that the N-terminal RING domain is necessary for full auto-SUMOylation. Furthermore, we show that the asymmetric organization is maintained in complex with HP1, which only occupies only one of the two existing binding sites in the KAP1 dimer. We discuss the implications of this asymmetry for HP1 binding kinetics in the chromatin context and in general for KAP1 function.
Results

KAP1 is a homodimer in solution
One of the main structural features of the TRIM family members characterized so far is their ability to form homodimers through their coiled-coil (CC) region [55] [56] [57] 59, 61 ( Figure 1a) . Biochemical and bioinformatics analyses suggest that this organization could be a common feature for all the TRIM family members 56 . (Figure 1c) . Under the concentration range tested, both SEC-MALS and SV-AUC (Supplementary Figure   1) did not show the higher order oligomers observed for other TRIM family members, such as TRIM32 61 and consistently indicated a dimeric conformation for KAP1.
KAP1 is an antiparallel elongated dimer determined by the coiled-coil domain
In order to gain more information on the structural organization of KAP1 in solution,
we performed small angle X-ray scattering (SAXS). Size-exclusion chromatography was coupled in line with SAXS to avoid self-association and aggregation effects during the experiments (Figure 2a) . While SAXS data were recorded for the three KAP1 constructs, DKAP1 and KAP1 FL showed identical results and are reported in Supplementary Figure 2 . The data were collected across a concentration range of 9 to 15 mg/ml (100-200 µM). The Guinier analysis of the scattering curves showed good linearity indicating neither aggregation nor polydispersity effects and gave an estimated radius of gyration (R g ) of 83 Å for RBCC, 90 Å for KAP1 FL and 89 Å for Transmission electron microscopy was used to visualize negatively stained KAP1 FL to independently measure its size and shape (Figure 2d ). Rod-like particles could be readily observed in the micrograph when sorted into 2D class averages. In agreement with the SAXS data, the particles are around ~280 Å and globular shapes can be observed along the length of the molecules, which can be associated to the different domains.
The RBCC domain being a dimer with an elongated dumbbell-shaped conformation is only compatible with an antiparallel conformation in which the two tandem RB 1 B 2 modules are separated by the CC domain (Figure 2e ). Therefore, we
could build an atomistic model of the RBCC domain using homologous TRIM structures as templates. Despite the low sequence homology among family, model building was facilitated by conservation of the canonical left-handed coiled-coil motif and the zinc-coordinating His/Cys pairs of the B-box 2 domain among 54 human TRIM proteins 56 . The RBCC model, fitted to the SAXS data using a c 2 -minimizing optimization 66 (Methods and Figure 2f ) showed an elongated structure of ~310 Å in length, with the RB 1 B 2 modules separated by ~160 Å, the dimension of the dimeric antiparallel CC domain. Interestingly, when compared to published SAXS data of other TRIM family members, the R gc of the RBCC KAP1 is ~20 Å, remarkably smaller compared to the R gc of RBCC-TRIM25 (~31 Å) and RBCC-TRIM32 (~32 Å) 61 . In the first case, the difference in R gc value can be due to the fact that the RB 1 B 2 modules of TRIM25 are thought to fold back on the structure of the CC, while for KAP1 can be fitted only at the extremes of the CC. In the second case, RBCC-TRIM32 behaves as a tetramer in solution 61 while we found KAP1 exclusively as a dimer in solution at the sampled concentrations (Figure 1c ).
KAP1 dimers are natively asymmetric in solution
The PHD-Br domain of KAP1 acts as an E3 SUMO ligase 37 , which renders KAP1 unique within the TRIM family. The overall organization of the full length KAP1 is unknown as well as the possible interactions, functional cooperation or structural stabilization between the RBCC and C-terminal domain. Even though ab initio reconstruction is well suited for relatively rigid molecules 68, 69 , for flexible systems with long flexible linkers it can be very ambiguous. Therefore, to gain deeper insight into the domain organization of KAP1 we devised an integrative modeling strategy [70] [71] [72] that uses nonlinear Cartesian Normal Mode Analysis (NOLB NMA) 66 to optimally fit the SAXS data.
Briefly, 1000 randomized atomistic models of KAP1 FL were generated based on the dimeric RBCC model (Figure 2e ) and the structure of the C-terminal PHD-Br domains, where ~200 amino acids between the RBCC and the PHD-Br domains were modeled as a random coil structure (Methods). The NMA technique was used to efficiently explore the configurations of the flexible linkers and rigid domains in a reduced conformational space of dimensionality 60 65 . The final models converged to a structure well consistent with SAXS data (c 2 = 1.1±0. 
KAP1 architecture allows RING-dependent auto-SUMOylation
We Figure 7) as previously reported 37 . More importantly, we found that also the DRING construct presented a much lower auto-SUMOylation activity than KAP1 FL (~60% at 120 min, Figure 4 and Supplementary Figure 7) . Taken together, these results show that not only the PHD but also the N-terminal RING domain is implicated in the auto-SUMOylation process of the C-terminal domain. The conformation discovered by our SAXS-based modeling (Figure 3d ) is thus consistent with a direct communication between the two terminal domains, which both cooperate in the E3 SUMO ligase activity of KAP1. The RING domain can thus act as a second active site, as it is able to SUMOylate other substrates 31, 32 .
Interestingly, RING-mediated auto-SUMOylation has been observed also in another TRIM family member, the protein PML (Promyelocytic leukemia, TRIM19), which is involved in the formation of nuclear structures called PML-nuclear bodies implicated in a variety of cellular processes 73, 74 . 
KAP1 asymmetry is functional for recruiting binding partners
To understand if KAP1 structural asymmetry has functional implications when interacting with other binding partners, we explored the direct interaction between KAP1 FL and full length HP1a (HP1a FL). Previous studies have identified a fragment of 15 residues within the central unstructured region of KAP1 as responsible for HP1 binding (residues 483-497, HP1BD, Figure 1a ) 41, 46 . Moreover, mutations of the HP1BD abolish the HP1 binding and significantly reduce the repression activity of KAP1 46 . This interaction, which is independent from posttranslational modifications, is mediated by the CSD of HP1 that binds as a dimer to the HP1BD. All previous studies explored the binding between the two proteins using purified fragments, specifically the CSD of HP1 and the HP1BD peptide of KAP1.
Here, using full length HP1 and KAP1 we determined their binding affinity by isothermal titration calorimetry (ITC, Figure 5a ), observing an equilibrium dissociation constant (K d ) of 162 nM for the KAP1-HP1 complex, value which is in line with previous measurements obtained using protein fragments 46 and which confirms the strong affinity between the two proteins.
Furthermore, we determined the molecular weight of the complex by SEC-MALS, exploring a range of concentrations from 10 µM to 127 µM for KAP1 FL and from 50 µM to 500 µM for HP1a FL, i.e. covering complex stoichiometries ranging dimer (Mw of ~276 kDa) was never observed. Based on this finding, we speculate that the reason for such unexpected coupling with HP1 has to be related with the asymmetric nature of KAP1, which in turn affects the ability to expose the HP1BD and recruit efficiently HP1 molecules. The asymmetric KAP1 structure has in fact only one HP1BD fully exposed for HP1 interaction, while the second is mostly interacting with the RBCC domain (Figures 2c, 3d and 5d ). To more quantitatively elucidate the effect of KAP1 on HP1α binding dynamics we tested the effect of KAP1 concentrations ranging from 50 -400 nM.
While the fast binding times ! off,2 did not exhibit a systematic dependence on KAP1 concentration (Figure 6f ), ! off,2 was increased by around three-fold at KAP1 > 100 nM (Figure 6g) . Thus, KAP1 stabilizes bivalent chromatin interactions of HP1α dimers, consistent with the fact that a KAP1 dimer can only bind one HP1 dimer.
Conversely, binding rate constants (Figure 6h) were reduced by KAP1, consistent with slower diffusion dynamics of the HP1α-KAP1 complex. Finally, an analysis of the fluorescence intensities of the single-molecule observations allowed us to quantify the oligomeric state of HP1α in our experiments. In the absence of KAP1, HP1α was mainly monomeric (due to the low concentrations employed) and only 8% dimers were observed (Figure 6i) . Addition of 100 nM KAP1 resulted in an increase of dimers (up to 28%, Figure 6j ). Importantly, no higher oligomeric species of HP1α were detected (Figure 6j) , consistent with our previous observations that one KAP1 dimer can only bind a single HP1α dimer at a time.
Thus, in the chromatin context represented by these conditions and using trimethylated nucleosomes, a KAP1 dimer is able to bind one dimer of HP1 with two binding sites for the histone tails packing the chromatin fiber. These bivalent interactions are longer-lived than the interactions of HP1 alone, such that in the cell, this might translate into a more durable heterochromatin state that is able to spread along the DNA. It remains to be studied how the remaining PTMs and chromatin modifiers influence or are affected by this asymmetric architecture.
Discussion
Gene expression in response to physiological and environmental stimuli is controlled by the cell at different levels by chromatin chemical modifications such that effector proteins can interpret them and alter the chromatin state [78] [79] [80] Figure 8 and ref. 84 ).
Previous data using the CSD and a small peptide from KAP1 showed that as expected, the CSD dimerized and bound one KAP1 peptide 46 . According to our MALS data, this interaction is maintained when using FL proteins but involving only one of the two 85 and also for the rapid evolution of the micro-domains within it (like the HP1BD), which could mutate to recruit different binding partners as needed without having to maintain a stable fold 86 .
In conclusion, our findings shed light for the first time on the molecular architecture of full-length KAP1, its interaction with HP1 in the context of chromatin fibers and the implications of its native flexibly and resulting asymmetry. Canonical structural biology techniques still struggle to provide a high-resolution characterization of systems of this kind, where multiple domains are connected by disordered linkers producing natively flexible complexes capable of plastic, dynamic interactions modulated by specific environmental conditions. Studying such dynamic systems using an integrative approach able to combine experimental data and molecular modeling appears to be a powerful resource to understand their behavior in the cellular environment.
Methods Expression and purification of recombinant proteins
Recombinant proteins were expressed and purified from Escherichia coli (E. coli).
The KAP1 variants DNA coding sequences were optimized for E. coli expression 
Size-exclusion chromatography coupled to multi-angle light scattering
The molecular weights of the constructs were determined by size exclusion chromatography coupled to a multi angle light scattering detector (SEC-MALS). The mass measurements were performed on a Dionex UltiMate3000 HPLC system equipped with a 3 angles miniDAWN TREOS static light scattering detector (Wyatt Technology). The sample volumes of 100 µl at a concentration of 40 µM, were applied to a Superose 6 10/300 GL column (GE Healthcare) previously equilibrated with 20 mM HEPES pH 7.5, 300 mM NaCl, 2 mM TCEP at a flow rate of 0.5 ml/min.
The data were analyzed using the ASTRA 6.1 software package (Wyatt technology), using the refractive index of the buffer as a baseline and the refractive index increment for protein dn/dc = 0.185 ml/g. Beamline Environment) connected to a data processing pipeline (EDNA) 89 was used to control the real time data display (two dimensional and one dimensional) and to provide the first automatic data processing up to a preliminary ab initio model. SAXS data were analyzed using the ATSAS package version 2.8.3 90 and ScÅtter 91 . For each sample, using Chromixs 92 , an elution profile was generated with the integrated intensities plotted versus the recorded frame number. Using Chromixs, 30 buffer frames were averaged and used to (i) subtract the buffer average from each frame of the sample peak selected and (ii) calculate the corresponding Radius of Gyration (R g ). The subtracted peak region was selected in Chromixs and averaged to generate the final scattering curve used for subsequent analysis. The scattering curves were initially viewed in PRIMUS 93 where the R g was obtained from the slope of the Guinier plot within the region defined by q min < q < q max where q max < 1.3/R g and q min is the lowest angle data point included by the program. When one dimension of a scattering particle is greater than the other two (e.g. a rod particle),
Analytical Ultra Centrifugation
"Rod" Guinier analysis in PRIMUS can be used to calculate the radius of gyration of its cross-section, R gc (Supplementary Figure 3) . The P(r) function, the distribution of the intra-atomic distances (r) in the particle, was generated using the indirect transform program GNOM 94 . The maximum distance (D max ) was selected by letting the P(r) curve decay smoothly to zero. As our molecules are rod-like and flexible, the R g was also estimated from the P(r) function, such that, unlike the Guinier R g estimation, the P(r) R g calculation takes the whole scattering curve into account. Ab initio models were produced using GASBOR 64 imposing a P1 symmetry with prolate (elongated protein) anisotropy until a c 2 of 1 was reached. DATPOROD, DATMOW and DATVC within the ATSAS package were used to estimate the Porod Volume (Vp) and the concentration-independent estimate of the MW for the proteins. The final figures were generated using VMD 95 , PyMOL (Schrödinger, LLC) and Chimera 96 .
Molecular modelling and flexible SAXS data fitting
The preliminary KAP1 model was created using existing, homologous structures of the RING, B-box and coiled-coil α-helical domains, and the solved NMR structure of the PHD-Br domain (PDB: 2RO1) 40 . Specifically, the SWISS Model server 97 was used to construct the RBCC domain using the following templates: the RING domain was based on the dimer of Rad18 (PDB: 2Y43) 98 , the B-box1 was based on the Bbox domain of MuRF1 (PDB: 3DDT) 99 , the B-box 2 was based on the B-box domain of TRIM54 (PDB: 3Q1D), and the coiled-coil domain was based on the coiled-coil of TRIM69 (PDB: 4NQJ) 60 . To model the TSS domain in the central part of KAP1 we used the Robetta server 100 , while MODELLER v9.14 101 was used for the HP1-binding domain, assigning as a template the structure of EMSY protein in complex with HP1 (PDB: 2FMM) 102 and the structure of the small subunit of the mammalian mitoribosome (PDB: 5AJ3) 103 . Finally all the missing loops were modeled by Rosetta loop modeling application v3.5 104 . In the process of generating starting models for fitting to SAXS data, each PHD-Br domain was randomly rotated and translated at a maximum distance of 140 Å (distance D in Figure 3b ) from the RBCC domains using VMD 95 . Afterwards, the linker region between each PHD-Br domain and its respective RBCC domain was modelled as a random coil using MODELLER 101 . 1000 models were generated and flexibly fitted to the SAXS data through a c 2 -minimizing optimization procedure based on the nonlinear Cartesian NMA method called protomer. The models were classified according to these two distances and the centroids were extracted (Figure 3d ).
Negative Stain Electron Microscopy KAP1 Fl was diluted to 0.05 mg/ml in 20 mM HEPES pH 7.5, 300 mM NaCl and 2 mM TCEP and crosslinked with 0.1% glutaraldehyde for 2h at 23°C. The reaction was stopped by addition of 100 mM Tris-HCl pH 7.5. The sample was diluted 20 times, and adsorbed to a glow-discharged carbon-coated copper grid (EMS, Hatfield, PA, USA) washed with deionized water and stained with a solution of 2% uranyl acetate. The grids were observed using an F20 electron microscope (Thermo Fisher, Hillsboro, USA) operated at 200 kV. Digital images were collected using a direct detector camera Falcon III (Thermo Fisher, Hillsboro, USA) with 4098 X 4098 pixels.
The magnification of work was 29000X (px=0.35 nm), using a defocus range of -1.5
µm to -2.5 µm. After manual picking of 400 particles, Relion 105 was used to sort them into 2D class averages.
H3K9me3 synthesis
H3K9me3 was synthesized as previously described 77 . In short, the peptide H3(1-14)
K9me3-NHNH 2 (carrying a C-terminal hydrazide) was synthesized by solid phase peptide synthesis (SPPS). The truncated protein H3(Δ1-14)A15C was recombinantly expressed as N-terminal fusion to small ubiquitin like modifier (SUMO), the N- 
HP1 labeling
HP1α was labeled as described in ref. 77 . A short tripeptide (Thz-G 2 -C 3 -CONH 2 , Thz: inhibitor/50 mL), HP1α was purified over Ni-affinity resin and eluted with elution buffer (25 mM phosphate pH 7.8, 50 mM NaCl, 400 mM imidazole). Eluted fractions were pooled and further purified by anion exchange chromatography, using a 1 ml 
Single-molecule assays
Single-molecule measurements were performed as previously reported 77 . Glass for drift correction. For each chromatin fiber, an individual trace was extracted using a custom-made semi-automated Matlab (Mathworks) script, as described in ref. 77 .
After an initial baseline correction and a drift correction, a peak-finding algorithm was employed to detect individual chromatin array positions. Fluorescence intensity traces for each chromatin position were obtained by integrating over a circle of 2-pixel radius. Individual HP1 fluorescence peaks were included based on pointspread-function (PSF) and distance cut-offs. To ensure that only single-molecules were analysed, peaks exhibiting step-wise bleaching kinetics were excluded from the analysis. Kinetics were extracted from fluorescence traces using a semi-automated thresholding algorithm. Cumulative histograms were constructed from dark and bright intervals and fitted to mono or bi-exponential functions. For intensity analysis, normalized intensity histograms were constructed over several hundred kinetic traces.
In vitro SUMOylation assay
The in vitro sumoylation assay was conducted using a commercial kit from Abcam and were subjected to western blot analysis using anti SUMO1 antibody. Gels were scanned with a Fusion FX 7 (Witec) and analysed using ImageJ 75 . Experiments were performed in triplicate and representative images are shown, while un-cropped gels are shown in Supplementary Figure 7 .
Isothermal titration calorimetry ITC experiments were performed using a MicroCal PEAQ ITC from Malvern. KAP1
FL and HP1 FL were buffer exchanged into 20 mM HEPES pH 7.5, 300 mM NaCl, 2 mM TCEP and concentrated to 1.5 and 5 mg/ml (15 and 200 µM), respectively. HP1
FL containing solution was injected into the KAP1 solution (2 μl of HP1 per injection at an interval of 180 sec, a total of 19 injections into the cell volume of 300 μl, with stirring speed of 800 rpm, at 25° C). HP1 FL was also injected into buffer to determine the unspecific heat of dilution. However, subtracting this experimental heat of dilution was not sufficient to get a good fit, so the last injections were used to better estimate the heat of dilution and subtract a straight line from our data. The experimental data were fitted to a theoretical titration curve ("one set of sites" model) the SAXS data using GASBOR.
